The pressure dependence of the saturation magnetization and Curie temperature was studied in melt-spun Fe 60 Mn 20 B 20 , Fe 56 Mn 24 B 20 and Fe 75 B 25 amorphous alloys up to 0.9 GPa, corresponding to volume changes up to 0.45%. In addition, in situ high-pressure (up to 40 GPa) x-ray diffraction was performed to determine the compressibility of the latter two alloys. Both the Curie temperature T C (at atmospheric pressure T C = 201 ± 3 and 159 ± 3 K) and the low-temperature saturation magnetization M 5 K,5 T decrease remarkably with increasing pressure: dT C /dp = −31 ± 0.5 and −32 ± 5 K GPa −1 and d ln M 5 K,5 T /dp = −0.15 ± 0.02 and −0.13 ± 0.03 GPa −1 for x Mn = 20 and 24 at.%, respectively. Compared to d ln M 5 K,5 T /dp = −0.016 ± 0.003 GPa −1 measured for Fe 75 B 25 , the pressure dependence of M 5 K,5 T is one order of magnitude larger in the ternary alloys. The bulk moduli for the Fe 56 Mn 24 B 20 and Fe 75 B 25 glasses were measured to be 152 GPa and 173 GPa, respectively. These data are also compared with the pressure dependence of the hyperfine field and theoretical calculations of the saturation moment for Fe-B alloys reported in the literature. The results were interpreted within an inhomogeneous itinerant-electron model of ferromagnetism.
Introduction
The pressure dependent magnetoelastic properties of Fe-based amorphous alloys are of high scientific interest for at least two reasons. Generally, they shed light on the fundamental aspects of the relation between the volume stability (i.e. volume dependence) of the Fe moment and the features of the electronic structure of Fe-based materials. Besides that, recently, the Fe-based amorphous alloys have been used as starting materials for the preparation of useful nanostructures. Pressure changes the average atomic volume and consequently influences the intrinsic magnetic properties of these alloys, e.g. Curie temperature (T C ) and saturation magnetic moment [1] . Previous studies of the pressure dependence of these quantities have been mainly focused on Fe-based amorphous alloys with Curie points close to the ambient temperature with respect to their possible application potential. The Curie points of Fe-B amorphous alloys can be significantly lowered by early transition-metal (TM) additions, e.g. Cr [2] , Mo [3] , Mn [4] .
The pressure dependence of the Curie point for the amorphous Fe 80−x Mn x B 20 alloy system (x = 6 − 20 at.%) has been investigated by Schiller et al [5] . However, only one report is known on the pressure variation of the saturation moment for amorphous alloys (Fe-Ni-P-B(-Si) alloy system [6] ). Besides this early paper, the pressure dependence of the hyperfine field determined by Mössbauer measurements for some amorphous alloys [7] [8] [9] was used as a relevant quantity for comparison with the pressure dependence of saturation magnetization. The relation between the Fe atomic magnetic moment and hyperfine field for transition metal-metalloid type metallic glasses was established in [10] and revised recently [11] .
In the present work, a significantly larger effect of pressure on the saturation magnetization and the Curie temperature for the amorphous Fe 56 Mn 24 B 20 and Fe 60 Mn 20 B 20 alloys has been observed when compared with the binary Fe 75 B 25 amorphous alloy. For the amorphous Fe-Mn-B alloys, no data on magnetization under high pressure have been previously known. To compare experimental and theoretical results, it is necessary to know the volume changes under pressure, therefore the compressibility of Fe 56 Mn 24 B 20 and Fe 75 B 25 was directly measured by in situ high-pressure x-ray diffraction.
The paper is organized as follows. Section 2 gives the details of the sample preparation and characterization. It also describes the magnetic measurements, the pressure cell and the experimental setup for the compressibility studies. Sections 3.1 and 3.2 contain the experimental results of the pressure dependent magnetic measurements and of the compressibility studies, respectively. Section 4.1 gives evidence of the magnetically inhomogeneous nature of the investigated amorphous alloys through an Arrottplot analysis. In section 4.2, the experimental results are interpreted within an inhomogeneous itinerant-electron model of ferromagnetism. Section 5 summarizes briefly the conclusions derived from the present study.
Experimental details

Sample preparation and characterization
Amorphous Fe 80−x Mn x B 20 alloys with nominal values of x = 20 and 24 at.% were prepared by melt spinning in vacuum. The Mn content of the samples was x = 19.5 ± 1 and 22 ± 1 at.% as measured by electron microprobe analysis and assuming the nominal B concentration. The nominal composition of the binary Fe-B sample was Fe 77 B 23 . Although the nominal composition of the binary Fe-B sample was Fe 77 B 23 , careful Mössbauer spectroscopy studies could not identify any measurable bcc-Fe fraction beyond the bct Fe 3 B intermetallic compound in the crystallized ribbon. Therefore, we identify this composition as Fe 75 B 25 throughout this paper. The amorphous nature of the ribbons (with a cross section of 1 × 0.013 mm 2 ) was verified by x-ray diffractometry, Mössbauer spectroscopy and differential scanning calorimetry (PerkinElmer DSC).
Magnetic and structural studies
The magnetic properties were investigated using the MPMS-5S superconducting quantum interference device (SQUID) magnetometer up to 5 T (50 kOe) in the temperature range of 5 K ≤ T ≤ 300 K. Samples were compressed under hydrostatic pressure up to 1.2 GPa in a miniature piston-cylinder CuBe pressure cell [12] using a mineral oil as the pressure-transmitting medium and the cell with the sample was put into the SQUID magnetometer.
In situ high-pressure x-ray diffraction experiments were performed at the Extreme Condition Beamline P02.2 of PETRA III (Hamburg, Germany). The room temperature-pressure dependence of compressibility of the as-prepared metallic glasses was continuously followed using a diamond anvil cell (DAC). The principal diffuse peak was detected in transmission mode to determine the volume changes under high pressure. The energy of the synchrotron radiation was set to 42.85 keV, which corresponds to the wavelength of λ = 0.289 34Å. Kirkpatrick-Baez (KB) mirrors were used to focus photon beam down to 2 × 2 µm 2 . Two-dimensional XRD patterns were collected using a fast image plate detector PerkinElmer 1621 (2048 pixels × 2048 pixels, 200 × 200 µm 2 pixel size, intensity resolution of 16 bit) carefully mounted orthogonal to the x-ray beam. CeO 2 standard from NIST (National Institute of Standards and Technology) was used to calibrate the sample-to-detector distance and tilt of the imaging plate relative to the beam path. Neon was used as a pressure medium loaded in a pressure controller from Sanchez Technology. The pressure acting on the sample was determined using a ruby fluorescence scale from Mao et al [13] . The pressure was increased in small steps using a pressure membrane attached to the back of the DAC and controlled by a pressure controller from Sanchez Technology. Two-dimensional XRD patterns were integrated to the q-space using the software package FIT2D [14] .
Results
Pressure dependence of magnetic properties
Both amorphous Fe-Mn-B alloys with x = 20 and 24 at.% Mn content studied in this paper show two characteristic magnetic transitions at ambient pressure: (1) a paramagnetic (PM)-ferromagnetic (FM) transition at the (ambient pressure) Curie temperature T C = 201 and 159 K and (2) a spin freezing at temperature T f = 8.5 and 13 K, respectively. The Curie point is defined here as the inflection point of the M(T) curves measured in 10 Oe magnetic field. The coherence of this single-field result with the detailed Arrott-plot studies will be described later on. The temperature T C remarkably decreases with increasing pressure, dT C /dp = −31 ± 0.5 and −32 ± 5 K GPa −1 for x = 20 and 24 at.%, respectively, illustrated in figures 1(a) and (b). The low-field magnetization decreases also substantially with increasing pressure and the shape of the curves changes as well. Similar behaviour was also observed for the alloy with x = 24 at.%. figure 2 refer to pressure at low temperatures. With increasing temperature, the pressure increases due to the different thermal expansion of the cell and the pressure-transmitting medium (oil). To determine the pressure parameter dT C /dp exactly, the values of pressure at temperatures close to T C that are given in figure 1 was corrected with respect to this effect [12] .) The low-temperature saturation magnetization is characterized in two ways: (1) M 5 K,5 T denotes its value at 5 K in 5 T in order to get rid of the errors of extrapolation to H = 0 and T = 0; (2) M 0 is obtained by a linear extrapolation to zero field of high-field portion of the Arrott-plot at 5 K. (Definition and reference to Arrott-plot see section 4.1.) M 5 K,5 T and M 0 show a remarkable decrease with increasing pressure, d ln M 5 K,5 T /dp = −0.15 ± 0.02 and −0.13 ± 0.03 GPa −1 , d ln M 0 /dp = −0.16 ± 0.02 and −0.15 ± 0.03 GPa −1 for x = 20 and 24 at.% Mn content, respectively. It is worth noting that the way of definition of the saturation magnetization does not influence its pressure derivative within the experimental error.
As a reference for the effect of the Mn content in the Fe-based glasses on their magnetic properties, we have measured the pressure dependence of the saturation magnetization for the binary Fe 75 B 25 amorphous alloy. M 5 K,5 T and M 0 show an order of magnitude smaller (d ln M 5 K,5 T /dp = −0.016 ± 0.003 GPa −1 , d ln M 0 /dp = −0.012 ± 0.006 GPa −1 , respectively) decrease with increasing pressure compared to the ternary Mn-containing alloys.
Figures 3(a) and (b) and table 1 summarize the pressure effects on both the saturation magnetization and the Curie temperature of the investigated alloys. The decrease of T C under pressure is similar for both Mn-containing alloys; however, taking into account the error bars (table 1) it does not contradict literature results indicating an increasing trend with decreasing Mn content [5] .
Compressibility measurements
Using in situ high-pressure x-ray diffraction measurements, we have determined the pressure dependence of the relative volume change dV/V 0 for the Fe 56 Mn 24 B 20 and Fe 75 B 25 glasses at ambient temperature up to pressures of 40 GPa. It should be noted here that compressibility data presented in figure 4 were obtained by tracing the position of the principal diffuse peak [15] . It is worth noting that the ratio between the position of the second and the first diffuse peak does not change with pressure and is almost the same for both alloys, i.e., 1.66. This may suggest that both alloys compress elastically.
Bridgman [17] has presented the equation of state for compressed solids as follows: − V/V 0 = a 1 p + a 2 p 2 + · · · where a 1 (>0) and a 2 (<0) are constants. The bulk modulus at zero pressure B 0 = −V 0 (dP/dV) P=0 can be calculated as B 0 = 1/a 1 where a 1 = κ is called compressibility. dT C /dp (K GPa
0.735 0.619 1.996 d ln M 5 T,5 K /dp (GPa −1 ) −0.15 ± 0.02 −0.13 ± 0.03 −0.016 ± 0.003 d ln M 0 /dp (GPa [16] . The sample containing Mn exhibits larger volume changes than the binary alloy. The pressure dependence of the relative volume change dV/V 0 was fitted to the 
Discussion
Arrott-plot analysis: evidence of magnetic heterogeneities
The magnetic properties of amorphous Fe 80−x Mn x B 20 alloys (0 ≤ x ≤ 20) were studied at ambient pressure with the help of magnetization and Mössbauer measurements by Onodera et al [4] . Combining these two measurement techniques, they could separate the average magnetic moments carried by the Fe atoms (a decrease from 2.2 to 1.25 µ B for increasing x was observed) and by the Mn atoms (between 0.5 and 0.85 µ B , with no systematic change beyond the considerable experimental error). Compared to our results, their values of the Curie temperature and saturation magnetization are significantly higher (for the x = 20 at.% alloy, the Curie point exceeds our value by about 130 K). Similar high T C values were reported by Schiller et al [5] for the amorphous Fe-Mn-B alloys in the same composition range. The reason for this discrepancy might arise from magnetic heterogeneity of these formerly investigated alloys as discussed in detail below. Despite the difference in the absolute value of the Curie temperature, the compositional trend of T C for our alloys is in line with the literature results, i.e., the higher the Mn content, the lower the Curie point. Figure 5 shows the Arrott-plot (M 2 versus H/M) for Fe 60 Mn 20 B 20 , measured at ambient pressure. It is reasonable to explain the magnetic properties of crystalline and amorphous transition-metal alloys (including their pressure dependence) within the framework of the itinerant-electron model using the Stoner theory [1] . For very weak itinerantelectron ferromagnets in the whole temperature range and for strong itinerant-electron ferromagnets around the Curie temperature, the saturation magnetization (extrapolated to H → 0 in the Arrott-plot) depends on the temperature as
which is shown for this alloy in the inset of figure 5. (The {M 2 s } values plotted in the inset are obtained by a linear extrapolation to H → 0 of the high-field portion of the Arrott-plot (approx. between 3 and 5 T) at each temperature. Below T C , {M 2 s } = M 2 s where M s is the saturation magnetization. Above T C , this construction yields negative values for {M 2 s }, which has, of course, no physical meaning. In the inset, the negative values of {M 2 s } are only used to determine T C with a better precision.) The visible deviation from linearity around M 2 s = 0 (which defines T C ) hints unambiguously at the presence of magnetic heterogeneity in this amorphous Fe-Mn-B alloy. The high-field value of the Curie temperature is determined to be T C ∼ 232 K from the intersection of the extrapolated M 2 s curve with the x-axis. This value is about 30 K higher than that deduced from the low-field magnetization curve ( figure 1, table 1 ). The temperature of the isothermal Arrott-curve which goes through the origin is, however, in good agreement with the Curie temperature determined from the single low-field magnetization measurement. Similar results were obtained for Fe 56 Mn 24 B 20 where the Arrott-plot gives T C ∼ 196 K. This value is about 35 K higher than the low-field Curie point (table 1). The presence of magnetic inhomogeneities in a homogeneous metallic matrix could lead to a substantial 'apparent' increase of the Curie temperature when measured in a relatively high field [19, 20] , i.e., under the conditions of getting the linear sections of the Arrott-plot. Since the degree of the inhomogeneity can vary significantly with the sample preparation conditions and the measured T C values can depend sensitively on the magnitude of the field applied for the T C measurement, we think this could be a cause for the scatter of the T C values found in the literature.
It is worth noting that the increase of the 'apparent' Curie temperature with increasing applied magnetic field, determined from the M(T) curves, is a common feature to all Fe-based Invar alloys, either crystalline or amorphous [21] . It is considered to be due to large magnetic fluctuations even up to T ≈ 1.5T C . The magnetic behaviour in these Invar alloys depends strongly on the Fe-Fe interatomic distances. Signs of antiferromagnetic interactions are hinted in the vicinity of 2.45Å. In our case we determined the positions of the first coordination shell from the average RDF for Fe 56 Mn 24 B 20 from the compressibility measurements to vary from 2.53 to 2.40Å when increasing the pressure from 4 to 40 GPa [22] . This shows that the average Fe-Fe distance does not approach this critical 2.45Å in the pressure range below 1 GPa investigated by the magnetic (SQUID) measurements.
Interpretation of results in the framework of itinerant ferromagnetism 4.2.1. Homogeneous versus inhomogeneous itinerant ferromagnetism.
In order to analyse the observed effect of the hydrostatic pressure on the magnetic properties of amorphous Fe-Mn-B alloys with respect to theoretical model calculations, the volume change of the samples under applied pressures has to be determined. The proportionality factor connecting these quantities is the compressibility κ. To our knowledge, apart from our measurements presented here, no direct data on compressibility have been available for these alloys. In the literature, a value of κ = 7 × 10 −3 GPa Based on the Landau-type free energy expansion for a ferromagnet with small homogeneous magnetization, the composition dependence of the pressure derivative of the Curie temperature T C (x) can be described within the itinerant-electron model of ferromagnetism as [26] dT C /dp| p=0 = −2κCχ 0 T C (1) where χ 0 is the ferromagnetic susceptibility at 0 K and C is the magnetoelastic coupling constant which can be written in the form C = 5 12
Here I is the effective and I b the bare (Hartree-Fock) exchange interaction between the itinerant electrons, N (ε F ) the density of states at the Fermi energy, T F the Fermi temperature and T C the Curie temperature at zero pressure. Substituting for χ 0 ∼ T −2 C which is valid for homogeneous ferromagnets within the Stoner theory, we obtain [27] dT C /dp = . Similarly, for the temperature dependence of the saturation magnetization we obtain [16, 26] d ln M 0 /dp = d ln T C /dp −
where B is the coefficient of the second term (∼M 4 ) in the Landau expansion of the free energy. This last term is taken to be small, therefore it can be neglected.
In case of spatial concentration fluctuations present in a ferromagnet, it can be shown [26] that χ 0 can be replaced by the spatial average of the susceptibility which does not depend on T C . Hence, equation (1) gives that dT C /dp ∼ −T C for inhomogeneous ferromagnets. Since the amorphous Fe-Mn-B alloys studied here seem to be magnetically inhomogeneous as discussed above, the results of the pressure dependent measurements should be interpreted within this framework.
Pressure dependence of the magnetic properties of the inhomogeneous Fe-Mn-B glassy ferromagnets.
The observed decrease of T C of Fe 60 Mn 20 B 20 under pressure is higher than that reported for an amorphous alloy with the same nominal composition (dT C /dp = −22 K GPa −1 , [5] ). Because of the large scattering of the T C values and the small Mn-concentration range of the alloys investigated, the composition dependence of the rate of the T C decrease under pressure cannot be assessed in the present study. However, our results do not contradict the trend described in the literature, i.e., the higher the Mn content in the alloy, the lower T C and the lower the rate of the pressure decrease of T C . This tendency follows a general trend observed for amorphous alloys, i.e., the lower the Curie temperature, the smaller the absolute value of the pressure derivative [28] . This trend corresponds to the pressure dependence of the Curie point expected in inhomogeneous ferromagnets discussed above. The same trend is true for high Cr-content amorphous Fe-Cr-B alloys [29] . As mentioned above, even the smaller values of dT C /dp measured by Schiller et al [5] are in accordance with the expected dT C /dp ∼ −T C trend together with our ones. The opposite trend is observed for Fe-based crystalline alloys containing magnetic late TM atoms of different types and for metallic glasses considered to be homogeneous (e.g. Fe-rich binary amorphous alloys like Fe-B, low Cr-content Fe-Cr-B glasses) [16] . A common feature of these crystalline and amorphous materials is the Invar behaviour.
As an alternative to the inhomogeneous model, the cation mixing model [5, 28] is frequently used to explain the dT C /dp ∼ −T C dependence observed in some TM-containing amorphous alloys within the framework of a homogeneous model. The main idea is the existence of competing contributions to the pressure derivatives of T C , originating from different atomic pairs. However, the quantitative description is problematic and the framework used is far from our modern understanding of metallic magnetism, where the Curie point is determined by long range interactions.
A further direct evidence of the itinerancy of these Fe-Mn-B metallic glasses is a rapid decrease of the magnetization per transition-metal atom (TM-at.) with the increase of the Mn content as shown in table 1. This is well comparable with the same effect in Fe-Cr-B glasses [29] . It is evident from equation (3) that the pressure derivatives of T C and the saturation magnetization M 5 K,5 T differ such that d ln M 5 K,5 T /dp < d ln T C /dp since the compressibility κ is always positive. In our case, for equation (3) Theoretical calculations of the relation between the local magnetic Fe moment at 0 K and the local volume in amorphous iron [30] and in amorphous Fe-B alloys [31] were presented. The latter work predicts 0.3% change of the average Fe moment upon 0.1% change of the atomic volume. This corresponds to = 3 for the dimensionless Grüneisen parameter where
T /dp. Our measured value for amorphous Fe 75 B 25 is = 2.76 (table 1) which is rather close to the theoretical prediction. In our study, the Grüneisen parameter amounts to = 22.73 and 19.70 for x = 20 and 24 at.% Mn content, respectively (table 1) . These values are approx. ten times higher than that measured for the binary Fe 75 B 25 amorphous alloy (table 1) and obtained from theoretical calculations for binary Fe-B alloys, indicating a significant influence of Mn on the volume instability of the magnetic moment. The high-pressure Mössbauer spectroscopy measurements on amorphous Fe 3 B [8] at 300 K also showed a relatively small decrease of the average hyperfine field, B hf (d ln B hf /dp = −0.0089 GPa −1 ). A relatively small decrease of the saturation magnetization under high pressure up to 0.4 GPa (d ln M 0 /dp = −0.02 ± 0.005 GPa −1 ) was found for the Fe 40 Ni 40 P 14 B 6 metallic glass at room temperature [6] . The Curie point of this alloy is around T C = 473 K (200 • C), therefore the relevance of this room temperature measurement may be questioned. In any case, this value of d ln M 0 /dp is close to that measured for the binary Fe 75 B 25 amorphous alloy (table 1) . The pressure-induced relative hyperfine field change in the amorphous (Fe 0.25 Ni 0.75 ) 3 B alloy at 4.2 K (−0.01 GPa −1 [9] ) is smaller than the relative magnetization decrease observed in the above Ni-rich amorphous alloys; this fact might however be connected with the rather different composition. It is also smaller than the pressure-induced relative saturation magnetization change for the binary Fe 75 B 25 amorphous alloy (table 1) .
Since the pressure dependence of the hyperfine field (approximately proportional to the Fe magnetic moment) seems to be weak in binary amorphous alloys, the much more pronounced pressure dependence of the saturation magnetization in Fe-Mn-B might be associated with the steeper decrease of the magnetic moment of Mn atoms under pressure. In case of our Fe 60 Mn 20 B 20 amorphous alloy, assuming no change of the Fe magnetic moment under the maximum applied pressure of 0.6 GPa, a decrease of the Mn magnetic moment from 0.85 to 0.6-0.7 µ B would explain the total 5.7% change of the saturation magnetization measured at this pressure. It is an open and interesting question whether with a further pressure increase, the Mn moment remains zero or could become negative (antiferromagnetically aligned Mn moments) in this type of ternary amorphous alloys.
A trend seems to emerge from these observations in that the pressure derivative of the saturation magnetization is much greater in case of amorphous alloys containing early transition-metal atoms (Mn in the present work) besides iron. A similar tendency might also be inferred from the more significant pressure dependence of the Fe hyperfine field (H eff ) in a Cr-containing alloy (d ln H eff (T)/dp = −0.10 GPa −1 for Fe 32 Ni 36 Cr 14 P 12 B 6 ) with respect to that of a Cr-free alloy (d ln H eff (T)/dp = −0.029 GPa −1 for Fe 27 Ni 53 P 14 B 6 ) [7] . However, for the lack of enough data, it is not yet clear if this feature is related to the 'early' type of the TM elements or it is associated with antiferromagnetic interactions observed in alloys with Mn and Cr. Hydrostatic pressure also reduces TM-Fe distances and causes a further reduction of Fe moment due to an enhanced magnetic-moment perturbation on account of d-p electron hybridization.
Finally, it is stimulating to compare our results with measurements [32, 33] made under tensile stress ('negative pressure'). Qualitatively our results are in line with these studies. The sign of the T C change is opposite as it is expected, the values reported in these papers ( 4 , respectively) are in the same order of magnitude but slightly smaller than our values of about 30 K GPa −1 . Since the compositions are completely different from ours, the deviations can be understood.
Conclusions
A relatively large pressure effect on the Curie temperature and the saturation magnetization was observed for amorphous 25 . Similarly, the decrease of the saturation magnetization is also one order of magnitude larger than that expected from reported theoretical calculations for amorphous iron and amorphous Fe-B alloys. The results were interpreted within an inhomogeneous itinerant-electron model of ferromagnetism. Theoretical ab initio calculations are, however, necessary to properly assess the validity of currently available models of magnetism for the Fe-based amorphous and/or nanostructured alloys.
